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The electronic properties and optical gap of ~Zn,Mg!~S,Se! wide-gap solid solutions are studied
using ab initio techniques and starting from the previously determined atomistic structure of the
alloy. Compositional disorder is shown to close the gap substantially with respect to the predictions
of the virtual-crystal approximation. The bowing of the fundamental gap versus composition
predicted by our calculations is in very good agreement with experiments available for the Zn~S,Se!
pseudobinary alloy. At temperatures typical of molecular-beam epitaxy growth, the quaternary alloy
displays a rather large amount of short-range order whose effect is to slightly but unmistakably open
the gap. Our results agree well with recent experimental data for the quaternary alloy. © 1999
American Institute of Physics. @S0003-6951~99!02044-6#
In the last decade much effort has been devoted to the
study of semiconducting materials capable of operating in
the short wavelength optical range. The main goal of these
efforts is the realization of light-emitting and laser diodes
encompassing the entire visible-light window and, in per-
spective, the industrial-scale production of high-density stor-
age optical disks and light sources for full-color displays.
II–VI and nitride semiconductors are the most promising
among these materials. Among II–VI semiconductors, ZnSe-
based materials have a special importance,1 and quaternary
ZnyMg12ySxSe12x alloys are commonly used as cladding
layers in II–VI blue–green laser diodes. This system—which
was introduced a few years ago2—has the desirable property
that its lattice parameter a0 and its fundamental band gap Eg
can be tuned fairly independently by acting on the molar
fractions x and y. In spite of the technological importance of
this material, extensive experimental studies of its electronic
and optical properties over a wide range of compositions and
of their dependence on the structural and thermodynamic
equilibrium properties are still lacking.
We recently reported3 on a theoretical study of the ther-
modynamical properties of this system, performed using ab
initio methods. In that study the phase diagram of the qua-
ternary alloy was determined, and the homogeneous alloy
was found to be stable against segregation or the formation
of ordered structures at temperatures typical of MBE growth
('550 K). Nevertheless, a large amount of short-range order
~SRO! characterized by the occurrence of Zn–Se and Mg–S
clustering among first-nearest neighbors was found to occur
and to persist even at very high temperatures ('1700 K).
In this letter we report on an extensive theoretical study
of the electronic and optical properties of ~Zn,Mg!~S,Se! al-
loys both in the case of the experimentally well studied
pseudobinary ZnSxSe12x system, and for the quaternary
solid solution in conditions of lattice matching to GaAs sub-
strates. In the latter case the presence of the short range
correlations will be shown to slightly but significantly open
the fundamental band gap.
Our work is based on density-functional theory ~DFT!
within the local density approximation ~LDA!, and the plane-
wave pseudopotential method. All the technical details of our
calculations are the same as in Ref. 3. DFT–LDA is known
to underestimate electronic excitation energies, and many-
body corrections should be considered, e.g., using the GW
method.4 Notwithstanding, DFT–LDA usually yields quite
accurate occupied ~valence! energy levels, and also the shape
of the empty ~conduction! bands is predicted quite reason-
ably. Because of this, one commonly adopted semiempirical
procedure to take into account many-body effects consists in
simply shifting the conduction bands rigidly upwards with
respect to valence bands. This method, known in the litera-
ture with the name of scissor operator,5 has been extensively
used in a variety of applications.6
Ideally, the study of the electronic properties of an alloy
should proceed in three steps: ~i! the determination of the
equilibrium structural properties of the system, including the
relevant atomic correlations, as we obtained and discussed in
Ref. 3; ~ii! the calculation of the alloy band structure, taking
into account the atomistic structure previously determined;
~iii! the account of many-body corrections to the electronic
band structure. It is still very hard to combine many-body
calculations with a proper description of disorder, and in the
following we assume that disorder and quasiparticle effects
can be treated independently: we deal explicitly with com-
positional disorder at the LDA level, using a generalization
of the special quasirandom structures approach,7 and we add
semiempirically the many-body corrections by a simple lin-
ear interpolation of the scissor operators appropriate for the
pure compounds.
Our main approximations are: ~i! the assumption that
disorder and many-body effects can be calculated indepen-
dently of each other; and ~ii! that the many-body corrections
to the optical gap can be interpolated linearly as a function of
composition, starting from the pure-compound end points. In
order to assess the soundness of these approximations, we
consider the case of the ZnSxSe12x pseudobinary alloy
whose optical properties are well known experimentally over
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a wide range of compositions.8,9 In Fig. 1 we display our
results for the fundamental band gap of the alloy, as calcu-
lated for five different molar fractions, (x50, 0.25, 0.50,
0.75, and 1! and compare them with available experimental
data.9 As previously discussed, LDA calculations systemati-
cally underestimate the optical gap. Adding a linear interpo-
lation of the errors done at the pure-compound extremes,
brings our theoretical predictions in very good agreement
with experiments. This fact demonstrates that many-body
corrections to the band gap can indeed be accounted for in-
dependently of disorder effects, and that they depend linearly
upon composition. Upon this semiempirical correction, our
theoretical results can be accurately described by the for-
mula:
Eg~x !5Eg
ZnSe~12x !1Eg
ZnSx2bx~12x !, ~1!
where the curvature, commonly known as bowing param-
eter, is b'0.56 eV. Our result is in good agreement with
experiments,8,9 according to which 0.41 eV<b<0.68 eV.
One common adopted approximation to deal with solid so-
lutions is the so called virtual crystal approximation ~VCA!
in which disorder effects are neglected. In the pseudopoten-
tial framework, such as used in the present study, this ap-
proximation amounts to replacing the alloy by a periodic
crystal whose cationic and anionic pseudopotentials are com-
positional averages of those appropriate for the pure com-
pounds. The value of the bowing parameter predicted by the
VCA, bVCA'20.1 eV, is much smaller in magnitude than
experimentally observed and with a wrong sign.
Having shown that our approximate treatment of many-
body effects is accurate for the pseudobinary Zn~S,Se! alloy,
we pass now to examine the quaternary case which displays
a large amount of short-range order.3 Short-range order is
measured by the atomic correlation functions, defined as
CXY~r!5^j~r!h~0 !&2^j&^h&, ~2!
where j~r! and h~r! are integer random variables whose
value is 1 if the atomic site at position r is occupied by an
atom of species X or Y, respectively, and 0 otherwise; ^•&
indicates the average over disorder; and ^j& and ^h& are the
molar fractions of the X and Y atomic species. Since atomic
disorder affects separately the cation and the anion sublat-
tices, and no cation–anion intermixing is allowed in our
study, out of the ten different correlation functions so defined
~three cation–cation, three anion–anion and four mixed
cation–anion correlation functions! only three of them—the
cation–cation, the cation–anion, and the anion–anion—are
actually independent. In Fig. 2 we display the atomic corre-
lation functions calculated in Ref. 3 at a temperature of 550
K and for x5y5 12. The large positive value of the Zn–Se
and Mg–S first-nearest neighbor correlations indicates a
strong tendency to form ZnSe and MgS local clusters. This
kind of clustering acts to reduce the elastic energy of the
system because ZnSe and MgS have lattice parameters simi-
lar to each other and to that of the alloy (aZnSe510.57 a.u.
and aMgS510.79 a.u.), but very different from those of ZnS
and MgSe (aZnS510.09 a.u. and aMgSe511.32 a.u.). This
tendency also shows in the second-nearest neighbor correla-
tions ~first shell in the cation–cation and anion–anion corre-
lations, upper panels of Fig. 2! which favor like cations and
anions. All correlation functions rapidly decay with distance
and the resulting order is very short ranged.
Starting from these structural data, we have calculated
the electronic properties of the alloys using the special qua-
sirandom structures approach.7 This method is based on the
observation that—for any given composition—atomic disor-
der mainly affects the electronic properties of an alloy
through the short-range atomic structure. A disordered solid
solution can thus be mimicked by using reasonably small
supercells that reproduce the alloy SRO in the first few ~typi-
cally, four or five! shells of neighbors. We have generalized
the original method to account for any given short-range
order,10 arbitrary compositions, and double sublattice disor-
der. We have verified that atomic correlations beyond the
fourth shell of neighbors affect only negligibly the band
structure of the alloys presently studied. The supercell struc-
tures used in our simulations were thus obtained by a
simulated-annealing procedure by which we searched among
64 atom simple-cubic structures the ones which give the
most similar pair correlations up to the fourth shell of neigh-
FIG. 1. Energy gap of the ZnSxSe12x pseudobinary alloy as a function of
the ZnS molar fraction, x: ~full dots! experimental data from Ref. 9; ~dia-
monds! our theoretical results obtained neglecting many-body effects;
~dashed line! quadratic interpolation to our theoretical results, ~full line!
theoretical results semiempirically corrected for quasiparticle effects.
FIG. 2. Interatomic correlation functions in Zn1/2Mg1/2S1/2Se1/2 solid solu-
tions @see Eq. ~2!# as calculated in Ref. 3 for T5550 K.
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bors, as compared to those obtained from Monte Carlo
simulations.3 The electronic structure of the quaternary alloy
has been studied for three different molar fraction pairs along
the line of lattice matching to GaAs ~i.e., for pairs of molar
fractions x and y such that the average lattice parameter of
the alloy is the same as that of GaAs!.
In Table I we report the values of the fundamental gap as
calculated in the VCA, neglecting SRO correlations, and tak-
ing into account SRO, and and we compare these results with
recent experimental data.11 Quasiparticle effects are taken
into account by the same kind of semiempirical corrections
described in the case of the pseudobinary alloy. In the
present quaternary case, the values of scissor operators for
the four pure compounds are bilinearly interpolated inbe-
tween. Our calculated values for the energy gaps are in very
good agreement with experiments ~within 0.04 eV!. As it
was the case for the Zn~S,Se! pseudobinary alloy, the predic-
tions of the VCA are rather poor, resulting in too large a gap.
The effect of SRO, as compared to the perfectly random
solution, is to slightly open back the gap. The effect is small,
but sizeable when disorder is maximum ~i.e., for x5y5 12).
The effects of SRO on the alloy band structure can be un-
derstood qualitatively by considering the actual alloy as a
perturbation with respect to the appropriate virtual crystal
~VC!, as done by Baldereschi and Maschke12 in an early
study of GaxIn12xP:
Valloy~r!5VVC~r!1DV~r!. ~4!
To second order in the perturbation, the alloy band structure
is given by
en~k!5en
0~k!1 (
n8,k8
u^n ,kuDVun8,k8&u2
en
0~k!2en8
0
~k8!
, ~5!
where un ,k& are the VC eigenvectors with energy en
0(k), for
the given composition pair (x ,y). Since occupied ~empty!
states mostly interact with the other occupied ~empty! states,
that are closer in energy, the effect of the perturbation is to
push the band edges in the gap region, thus reducing the VC
gap, in agreement with our findings for ZnyMg12ySxSe12x ,
as well as for ZnSxSe12x alloy. In the presence of SRO, this
result can be generalized by showing that the magnitude of
the gap reduction depends quadratically on the strength of
the localized perturbations which transform the VC into the
actual alloy, multiplied by the appropriate atomic correlation
functions. From Fig. 2 it can be seen that the main difference
between the correlated and the random alloy is that the
former has a larger number of bond-length preserving Zn–Se
and Mg–S nearest-neighbor pairs and a reduced number of
bond-stretching Zn–S and Mg–Se nearest-neighbor pairs
relative to the random alloy. The former type of perturbation
of the VC is probably weaker than the latter, thus explaining
the smaller closure of the VC gap in the correlated alloy as
compared to the random case.
In order to better characterize the optical gap of the al-
loy, we consider the spectral weight
A~E ,k!5(
n
u^cnuP~k!ucn&u2d~E2en!, ~6!
where cn and en are the wave functions and energy levels of
the supercell, and P(k) is the projector over the states of
crystal quasimomentum k. We have found that the alloy
wave functions at the top of the valence and at the bottom of
the conduction bands have a strong G character, thus indicat-
ing that the direct-gap nature of the pure materials is con-
served also in the alloy. An analysis of the different atomic
contributions to the density of states has been carried out by
projecting the super-cell eigenfunctions onto the atomic-like
localized orbitals. We found that the states at the top of the
valence band have a strong anionic character ~26% centered
on S and 67% on Se!. The anionic character of the top of the
valence band is a direct consequence of the ionic character of
the alloy, while the larger contribution of the Se atomic or-
bitals is consistent with Harrison’s tight binding tables13
which indicate that the top of the valence band states of S
compounds lies about 0.5 eV below the analogous states of
the corresponding Se compounds. The low-lying conduction
states are rather delocalized, with contributions from all the
four atomic species and a slight prevalence of cationic char-
acter.
A more complete account of this work can be found in
the Ph.D. thesis of one of us.14
The authors thank A. Franciosi and S. Rubini for
prompting their interest in this problem and for many fruitful
discussions. This work has been partly done within the Iniz-
iativa Trasversale Calcolo Parallelo of the INFM, and partly
funded by MURST.
1 R. L. Gunshor and A. V. Nurmikko, Semicond. Semimet. 44, ~1997!.
2 H. Okuyama, K. Nakano, T. Miyajima, and K. Akimoto, Jpn. J. Appl.
Phys., Part 2 30, L1620 ~1991!; J. Cryst. Growth 117, 139 ~1992!.
3 A. M. Saitta, S. de Gironcoli, and S. Baroni, Phys. Rev. Lett. 80, 4939
~1998!.
4 M. S. Hybertsen and S. G. Louie, Phys. Rev. Lett. 55, 1418 ~1985!; R. W.
Godby, M. Schlu¨ter, and L. J. Sham, ibid. 56, 2415 ~1986!.
5 F. Gygi and A. Baldereschi, Phys. Rev. Lett. 62, 2160 ~1989!.
6 G. A. Baraff and M. Schlu¨ter, Phys. Rev. B 30, 3460 ~1984!; V. Fioren-
tini, ibid. 46, 2086 ~1992!; V. Fiorentini and A. Baldereschi, J. Phys.:
Condens. Matter 4, 5967 ~1992!.
7 A. Zunger, S.-H. Wei, L. G. Ferreira, and J. E. Bernard, Phys. Rev. Lett.
65, 353 ~1990!; S.-H. Wei, L. G. Ferreira, J. E. Bernard, and A. Zunger,
Phys. Rev. B 42, 9622 ~1990!; K. C. Hass, L. C. Davis, and A. Zunger,
ibid. 42, 3757 ~1990!.
8 A. Ebina, E. Fukunaga, and T. Takahashi, Phys. Rev. B 10, 2495 ~1974!.
9 H. Okuyama, Y. Kishita, and A. Ishibashi, Phys. Rev. B 57, 2257 ~1998!.
10 K. A. Ma¨der and A. Zunger, Phys. Rev. B 51, 10462 ~1995!.
11 U. Lunz, C. Schumamcher, J. Nu¨rnberger, K. Schu¨ll, A. Gerhard, U.
Schu¨sser, B. Jobst, W. Faschinger, and G. Landwehr, Semicond. Sci.
Technol. 12, 970 ~1997!.
12 A. Baldereschi and K. Maschke, Solid State Commun. 16, 99 ~1975!.
13 W. A. Harrison, Electronic Structure and the Properties of Solids ~Dover,
New York, 1989!.
14 A. M. Saitta, Ph.D. thesis ~www.sissa.it/cm/thesis/1997/!.
TABLE I. Energy gap vs compositions in ZnyMg12ySxSe12x .
y x VCAa Randomb SROc Corrected SROd Expte
0.50 0.50 2.96 2.57 2.64 3.52 3.56
0.75 0.13 2.68 2.48 2.50 3.00 3.00
0.84 0.00 2.55 2.43 2.44 2.78 2.82
aTheoretical results obtained within the virtual-crystal approximation.
bSuper-cell calculations for the random alloy.
cSupercell calculations including SRO, but neglecting many-body effects.
dAs above, but corrected for quasiparticle effects.
eExperimental data from Ref. 11.
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